Abstract: Extensive research has been conducted on the real-time locating system (RTLS) for tracking construction components, including workers, equipment, and materials, in order to improve construction performance (e.g., productivity improvement or accident prevention). In order to prevent safety accidents and make more sustainable construction job sites, the higher accuracy of RTLS is required. To improve the accuracy of RTLS in construction projects, this paper presents a RTLS using radio frequency identification (RFID). For this goal, this paper develops a location tracking error mitigation algorithm and presents the concept of using assistant tags. The applicability and effectiveness of the developed RTLS are tested under eight different construction environments and the test results confirm the system's strong potential for improving the accuracy of real-time location tracking in construction projects, thus enhancing construction performance.
Introduction
Accident prevention is directly linked not only to safety, but also sustainability. From the perspective of sustainability, occupational health and safety (OHS) is critical for sustainable development [1] . Based on the three-pronged model of sustainability suggested by McKeown [2] , the role of OHS in promoting sustainability can be discussed in three dimensions: people, planet, and profit. Among these dimensions, people should be directed towards promoting respect for diversity and human rights; health and safety protection; and empowerment and caring [3] .
With regard to safety improvement and sustainability, diverse technologies have been applied in the construction industry for reducing accident occurrence. Among various technologies, real-time locating systems (RTLSs) have been widely used in the construction industry. A RTLS for construction components such as labor, equipment, and materials offers numerous opportunities to improve construction performance. These include accident prevention [4] [5] [6] [7] [8] , productivity measurement and improvement [9, 10] , progress monitoring [11, 12] , and material management [13] [14] [15] .
Among these approaches, accident prevention approaches using RTLS have tried to reduce human error (e.g., near-miss accident, lack of hazard recognition, inexperienced labor) [16, 17] . One representative approach is that a safety management system tracks laborers' location and alerts them when they move near to hazardous areas. Therefore, accident prevention approaches based on RTLS require high accuracy of location tracking, because low accuracy of location tracking can result in system error and fail to prevent an accident.
When a RTLS is used in order to prevent an accident, an accurate RTLS for laborers' locations is one of the most important components. However, several factors (e.g., multi-path, shadow area, signal loss) can cause location estimation errors and decrease the accuracy of location tracking. Apart from the general problems of location tracking, the characteristics of construction sites make location tracking difficult. As mentioned above, a construction site usually consists of indoor (building construction work) and outdoor (earthwork phase and outdoor civil construction) activity areas. Therefore, the location tracking technology selected should be able to be used in both areas. Although the accuracy of localization is considerably influenced by signal availability, maintaining enough signal availability is very difficult at construction sites [8] .
The accuracy of a location-sensing system depends highly on the environment, which can be classified as a line of sight (LOS) or non-line of sight (NLOS) environment. LOS environments have few obstacles; thus, communications between tags and readers are usually undisturbed. However, LOS environments in a construction site can cause localization errors, because there are diverse materials. Moreover, the dynamic changes in a construction site can cause a shift from LOS environments to non-line of sight NLOS environments. NLOS environments can decrease the accuracy of a location-sensing system. This change, which is one of the most remarkable characteristics of location-sensing on construction sites, should be considered in order to improve the accuracy of a location-sensing system. Therefore, localization errors should be solved under both LOS and NLOS conditions.
To address these difficulties in location tracking, this paper develops an accurate and effective real-time locating system (RTLS) for construction sites. In particular, the workers' location on construction sites is focused on, because construction activities are highly labor intensive. This paper is organized as follows. We first conduct a literature review on location-tracking technologies in construction and discuss the main reasons for the occurrence of localization error. Next, we introduce location tracking error mitigation algorithms and suggest the use of assistant tags in order to overcome NLOS conditions to improve tracking accuracy in construction projects. Based on these ideas, we develop an RFID-based RTLS and test its applicability and effectiveness. Finally, we draw some conclusions based on the test results.
Literature Review
This chapter introduces a location-sensing selection procedure based on comparative overview. Literature and current approaches to ways in which the accuracy of a given location-sensing technology can be improved are reviewed.
Location-Sensing Technologies
One of the most widely used location-sensing technologies is the global positioning system (GPS), which locates a target object by using a network of 24 satellites [18] . GPS is quite effective in locating and tracking objects in outdoor environments [19] , but has an inherent weakness in locating indoor objects. This has limited the effectiveness of GPS in building construction projects, where many activities are conducted indoors. Therefore, there is a need for a method that can be applied to indoor and outdoor conditions.
There are diverse locating methods that can determine the location of objects in both indoor and outdoor conditions. These methods consist of location measurement methods (e.g., triangulation, scene analysis, and proximity), distance measurement methods (e.g., angle of arrival (AOA), received signal strength indication (RSSI), time of arrival (TOA), and time difference of arrival (TDOA)), and technologies (e.g., Infrared, IEEE 802.11, Ultrasonic, ultra wide band (UWB), and RFID). These methods have problems, such as multi-path, obstacle (shadow area), and signal loss [20, 21] .
IEEE 802.11b products are easy to set up for general indoor conditions, as well as construction sites. Nevertheless, they do not guarantee high-accuracy location sensing. Ultrasonic has a relatively higher accuracy than other technologies. Despite its higher accuracy, an ultrasonic-based system requires a great deal of infrastructure and cost in order to be highly accurate [22] . Another problem is that it is difficult to install this system on construction sites. It cannot penetrate obstacles such as walls or installed forms, which are usually the main components of ongoing construction projects [23] .
Although UWB presents the highest accuracy, it is difficult to apply to outdoor construction activities because the signal transmission distance is approximately 20 m [24] . This short signal transmission distance means that a number of readers are required in order to cover a whole construction site, and it is not cost-effective.
RFID has been widely used for checking and estimating accessibility in urban spaces [25, 26] . These methods are operated by capturing the signal from a user. The captured signal is considered as a user's access to a specific reader (which is a reference location already known). This approach is operated based on the one-on-one matching between a tag and a reader [27] . Thus, it can estimate a tag's location by means of range from a reader. This method can be expanded from location identification to positioning by using multiple readers, like GPS. Theoretically, at least three readers are required to identify a target's location (positioning). In this approach (using more than three readers), RFID is still relatively cost-effective and has high capability for information transfer.
Despite its strengths, it is heavily influenced by environments, which cause multi-paths, obstacles (i.e., shadow areas), or signal loss [20, 21] . This is because the accuracy of location sensing largely relies on the strength of the tracking signal [8] , which can vary depending on the tracking environment. RFID is a small electronic device that consists of a small chip and an antenna. An RFID-based RTLS can store and retrieve location data by utilizing a number of tags (which are attached to target objects) and readers (i.e., tracking equipment). To locate a target object, a reader receives data emitted from a tag attached to the target object. After transmitting and receiving the location data, an RFID-based RTLS can calculate the coordinates of a target tag. Many researchers have proposed the use of RFID for location tracking because of its good tracking performance and cost-effectiveness [13, 19, 28] . For example, Ni et al. [19] developed an RFID-based indoor location-sensing system that can improve the overall accuracy of location sensing by applying reference tags. Song et al. [13] developed a mathematical model that estimates the signal strength within a construction site. Similarly, Skibniewski and Jang [28] suggested a framework for automated real-time location tracking of construction materials based on RFID signals combined with ultrasonic waves. By providing supplementary tracking tools (e.g., a signal strength fingerprint map), these approaches are effective in tracking indoor objects when site conditions are well pre-determined. When installing the location-sensing systems (i.e., determining the suitable location of the readers), a signal strength fingerprint map has strong potential to improve the overall accuracy of RTLS. However, the tracking environments in a construction site can vary significantly as the project progresses. Therefore, this paper suggests an enhanced RTLS that can improve the accuracy of location tracking in construction projects.
Movement Chacrateristics
Tracked objects have their own characteristics (e.g., direction, range, and velocity). Thus, if we understand the characteristics of the target, then it can be involved in an RTLS [29] . There are a few researchers dealing with movement characteristics of a target for location-sensing [29, 30] . One main example is the research of Son et al. [29] . They suggested an enhanced asset-locating system for vehicle pooling in a port terminal. This system focused on the range and speed of a transfer crane. A transfer crane has three parameters: path, range and velocity (x-, y-, and z-axes). Moreover, each axis has a range that can be movable.
Unlike vehicles in a port terminal, construction workers do not have a specific direction. A worker can move in all directions. One similar characteristic between a construction worker and a vehicle in a port terminal is having a velocity range. If information about the velocity range of a worker is incorporated into the location-sensing engine, a log-which is defined as data that records a target's location by specific time interval-located on outside of a target's range means that a measured log can be considered an error. Based on the consideration of this characteristic of tracking a worker's movement characteristics, this paper selects the velocity of workers as a primary factor to mitigate estimation errors.
Location-Tracking Error Caused by Multi-Path and NLOS
There are two main reasons for location-tracking error. One is multi-path of signals and the other is NLOS. First, in an RFID-based RTLS, a tag repeatedly emits radio frequency signals and a reader receives these signals. The location of the tag is estimated based on the signal flight time from the tag to the reader. A tag transmits omnidirectional signals, and can make both direct and reflected paths. Accordingly, the flight times of signals emitted from a tag at a certain moment can vary depending on the type of signal path. For example, as shown in Figure 1 , the distance of the direct path (D1) is shorter than that of the reflected path (D2). In this case, a reader receives two different signals, and the difference can cause an error. If the reader receives a signal conveyed through the reflected path, the reader estimates the location of the tag based on the distance of the reflected path (D2), which is longer than the actual distance (D1). In detail, the velocity of a signal emitted from a tag is constant. Thus, if there are two different paths (see direct path and reflected path in Figure 1 ), the reader regards them as having been emitted from a different location, because the reader calculates the distance between a tag and a reader using only signal travel time. Thus, when a reflected signal arrives at the reader, the reader estimates the distance as D2 without any consideration of reflection (straight line). Thus, if the tracking signal through the direct path is not successfully delivered, a reflected path can cause an estimation error as great as the distance difference between the direct and reflected paths (D2-D1).
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Algorithm Development to Overcome Multi-Path
Generally, moving objects have their own movement characteristics in terms of direction, range and velocity. Effective use of these characteristics of a target object can afford valuable information for filtering out location-estimation errors, and thereby improve tracking accuracy [27, 30] . Consequently, some notable research has applied the movement characteristics of a target object for location sensing [29] [30] [31] [32] . For example, Son et al. [29] introduced an enhanced asset locating system for vehicle pooling in a port terminal by using the information on the range and speed of a transfer crane.
Since construction equipment and workers also have their own movement characteristics (e.g., operating range, velocity, and path), the movement characteristics of a target object in construction projects are expected to improve the accuracy of real-time location tracking. Use of possible movement range information is the simplest way to detect location estimation errors. If the arrow line is a worker's actual path and the area between the two dotted lines is a possible range where the worker could move (see Figure 2) , application of the information of possible movement range can easily detect four points (A, B, C, and D) as location estimation errors, since they are located outside the possible range. condition and selection of proper RFID readers. If two problems remain, there may be less benefit to applying assistant tags. Thus, current problems for application of assistant tag concept will be addressed in this paper.
Methodology
Algorithm Development to Overcome Multi-Path
Since construction equipment and workers also have their own movement characteristics (e.g., operating range, velocity, and path), the movement characteristics of a target object in construction projects are expected to improve the accuracy of real-time location tracking. Use of possible movement range information is the simplest way to detect location estimation errors. If the arrow line is a worker's actual path and the area between the two dotted lines is a possible range where the worker could move (see Figure 2) , application of the information of possible movement range can easily detect four points (A, B, C, and D) as location estimation errors, since they are located outside the possible range. As such, the possible movement range information is helpful to improve the accuracy of a location-sensing system. However, this kind of information is not very effective for detecting localization errors within the range. Furthermore, it is tedious and time-consuming to define and update the information of all possible movement ranges, particularly in a construction project where possible movement range can vary significantly as the project progresses.
Acknowledging these challenges, this paper proposes the concept of reducing location estimation errors by calculating distances between two consecutive logs (i.e., signals). As mentioned above, a target object moving in a construction site has its own movement speed range. Several studies have suggested [33, 34] that many people tend to walk at about 1.4 m/s when they walk on general pedestrian walkways. Considering construction sites usually provide harsh conditions, such as poorly paved surfaces, wet and oily surfaces, and slope ways, construction workers may walk slower than general pedestrians. With this in mind, an experiment was conducted on a construction site. The participants were asked to allow recording (using video record) of their walking during their tasks. In this experiment, a total number of 1124 steps (strides) were analyzed. Among these 1124 steps, only 27 steps were over 70 cm/s. Thus, in this study, 70 cm/s is used as the threshold of a possible movement range. Figure 3 illustrates the concept of how to determine an error. A worker cannot move more than the maximum distance calculated based on the worker's maximum velocity and time (time difference between two consecutive logs). In Figure 3 , n + 1th location log is within the As such, the possible movement range information is helpful to improve the accuracy of a location-sensing system. However, this kind of information is not very effective for detecting localization errors within the range. Furthermore, it is tedious and time-consuming to define and update the information of all possible movement ranges, particularly in a construction project where possible movement range can vary significantly as the project progresses.
Acknowledging these challenges, this paper proposes the concept of reducing location estimation errors by calculating distances between two consecutive logs (i.e., signals). As mentioned above, a target object moving in a construction site has its own movement speed range. Several studies have suggested [33, 34] that many people tend to walk at about 1.4 m/s when they walk on general pedestrian walkways. Considering construction sites usually provide harsh conditions, such as poorly paved surfaces, wet and oily surfaces, and slope ways, construction workers may walk slower than general pedestrians. With this in mind, an experiment was conducted on a construction site. The participants were asked to allow recording (using video record) of their walking during their tasks. In this experiment, a total number of 1124 steps (strides) were analyzed. Among these 1124 steps, only 27 steps were over 70 cm/s. Thus, in this study, 70 cm/s is used as the threshold of a possible movement range. Figure 3 illustrates the concept of how to determine an error. A worker cannot move more than the maximum distance calculated based on the worker's maximum velocity and time (time difference between two consecutive logs). In Figure 3 , n + 1 th location log is within the range and can be determined as a proper log. However, n + 2 th location log is located on outside of the range. The n + 2 th location log means that a worker moves beyond his/her maximum speed, so that this log can be determined as an error.
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Application of Assistant Tags
In order to locate a target object using an RFID tag, at least three readers should receive signals from the tag. Since an RFID tag sends signals omnidirectionally, it is difficult to accurately locate the tag with fewer than three readers. Thus, successful tracking of a moving object requires careful Time synchronization between tags and readers is important when applying this approach for filtering out location estimation errors. Since the suggested approach determines the location estimation errors based on the moving velocity of a target object, a slight time difference between a tag and a reader may result in significant location-estimation errors. In fact, an RFID-based wireless network is sensitive to this type of error since the network transmits a number of signals for location tracking. To address this issue, several time synchronization protocols that have been suggested for wireless sensor network include reference broadcast synchronization (RBS) [35] , timing-sync protocol for sensor network (TPSN) [36] , and flooding time synchronization protocol (FTSP) [37] . TPSN was selected as the time synchronization protocol for our study because of its effectiveness in addressing the propagation delay time that can often occur in a construction site.
In order to locate a target object using an RFID tag, at least three readers should receive signals from the tag. Since an RFID tag sends signals omnidirectionally, it is difficult to accurately locate the tag with fewer than three readers. Thus, successful tracking of a moving object requires careful determination of the readers' installation location so that at least three readers can receive the signals from a tag wherever it is in the tracking environment.
Obstacles between a tag and readers may cause signal attenuation and multi-path, thus preventing successful communication between the tag and the readers. Multi-path is a propagation phenomenon in which two or more paths of radio signals reach a reader due to reflection from walls or floors [36] . Signal attenuation is a gradual loss in radio signal intensity as it propagates through space due to many effects, including free-space loss, diffraction, and absorption [38] .
Suppose that four readers are installed in each corner of the room but only two readers (readers C and D) receive signals from the tag, while the other two (readers A and B) do not due to an obstacle ( Figure 6 ). Thus, while more than three readers are installed in this case, it is still difficult to accurately locate the tag, since only two readers receive the signals from the tag. determination of the readers' installation location so that at least three readers can receive the signals from a tag wherever it is in the tracking environment. Obstacles between a tag and readers may cause signal attenuation and multi-path, thus preventing successful communication between the tag and the readers. Multi-path is a propagation phenomenon in which two or more paths of radio signals reach a reader due to reflection from walls or floors [36] . Signal attenuation is a gradual loss in radio signal intensity as it propagates through space due to many effects, including free-space loss, diffraction, and absorption [38] .
Suppose that four readers are installed in each corner of the room but only two readers (readers C and D) receive signals from the tag, while the other two (readers A and B) do not due to an obstacle ( Figure 6 ). Thus, while more than three readers are installed in this case, it is still difficult to accurately locate the tag, since only two readers receive the signals from the tag. To address this problem, Lee et al. [8] suggest the idea of assistant tags, which are fundamentally similar to reference tags, but differ in terms of their installation location. Lee et al. [8] suggest attaching assistant tags to workers' safety helmets, instead of on floors. Hence, tags are not installed on some pre-fixed places on floors but attached to moving workers, which significantly increases the accuracy and applicability of RTLS. In the example shown in Figure 6 , an assistant tag works as a virtual reader. That is, three readers (readers A, C and D) receive the signals from the assistant tag and the moving location of the assistant tag is identified. Then, the assistant tag and the two readers (readers C and D) can communicate with the tag in the shadow area. The location of the tag in the shadow area can thus be identified by using an assistant tag.
However, their method has two main limitations. First, they did not suggest method to determine whether the environment is LOS or NLOS. Thus, a tag that is not in a shadow area continuously communicates with an assistant tag. If there is no environment determination method, the RTLS engine can be influenced by multi-paths from assistant tags and other readers. As a result, the accuracy of the location sensing decreases. Moreover, a reader tries to search for signals from a target tag, which can burden the system. This searching can also excessively consume the batteries of readers and tags.
To address this issue, this study suggests a system that can search blink signals from a tag and counts the number of signals. More than three signals mean that the tag can be located without the help of an assistant tag, and the suggested system determines the location of the target tag based on the three readers. On the other hand, when fewer than three signals are detected, the suggested system searches the nearest assistant tag to the target tag and estimates its location based on the two readers and the nearest assistant tag.
Second, although Lee et al. [8] suggested the assistant tag concept for converting NLOS to LOS environment, they did not how to select a proper assistant tag from among various neighboring tags. To address this problem, Lee et al. [8] suggest the idea of assistant tags, which are fundamentally similar to reference tags, but differ in terms of their installation location. Lee et al. [8] suggest attaching assistant tags to workers' safety helmets, instead of on floors. Hence, tags are not installed on some pre-fixed places on floors but attached to moving workers, which significantly increases the accuracy and applicability of RTLS. In the example shown in Figure 6 , an assistant tag works as a virtual reader. That is, three readers (readers A, C and D) receive the signals from the assistant tag and the moving location of the assistant tag is identified. Then, the assistant tag and the two readers (readers C and D) can communicate with the tag in the shadow area. The location of the tag in the shadow area can thus be identified by using an assistant tag.
Second, although Lee et al. [8] suggested the assistant tag concept for converting NLOS to LOS environment, they did not how to select a proper assistant tag from among various neighboring tags.
In this paper, to select a specific assistant tag, geometric dilution of precision (GDOP) is used. GDOP has been widely used as an accuracy metric for navigation and tracking systems [39] . GDOP describes error caused by the relative position of GPS satellites. In this study, GPS satellites are converted to the readers. This method is firstly used to select proper readers for accurate positioning. The arrangement of multiple readers according to the relative position of the readers can determine the level of precision in estimating a target location. Figure 7 presents examples of good (low) and poor (high) GDOP. The measurement has error ranges, and the true location of the target will lie anywhere in the red area. In Figure 7b , the error range is the same as in Figure 7a , but the possible position area (red area) has considerably grown due to the arrangement of the two readers. These results mean that the close arrangement of readers can increase the uncertainty of location sensing. In this paper, to select a specific assistant tag, geometric dilution of precision (GDOP) is used. GDOP has been widely used as an accuracy metric for navigation and tracking systems [39] . GDOP describes error caused by the relative position of GPS satellites. In this study, GPS satellites are converted to the readers. This method is firstly used to select proper readers for accurate positioning. The arrangement of multiple readers according to the relative position of the readers can determine the level of precision in estimating a target location. Figure 7 presents examples of good (low) and poor (high) GDOP. The measurement has error ranges, and the true location of the target will lie anywhere in the red area. In Figure 7b , the error range is the same as in Figure 7a , but the possible position area (red area) has considerably grown due to the arrangement of the two readers. These results mean that the close arrangement of readers can increase the uncertainty of location sensing. At first, the most recently updated tags among tags with connectivity are extracted. Each selected tag and reader receives a blink message from a target tag, which is used to calculate GDOP rate. After calculating the GDOP rate of each connected assistant tag, an assistant tag with the best GDOP rate (lowest value) is selected and used to estimate a target location. By selecting an appropriate assistant tag, NLOS environments can be converted to LOS environments and the accuracy of location sensing can be also improved.
Experimental Settings
Tags and readers are two main devices required for locating a target object. A tag attached to a target object sends signals at a regular interval. A tag consists of a microcontroller, a wireless communication module, and a sensor module. In this paper, the MSP430F5xxx series by Texas Instruments, which gives satisfactory performance and low power consumption, was selected as a microcontroller. The radio transceiver is based on IEEE 802.15.4a, which uses the chirp spread spectrum (CSS) on the 2.4 GHz industrial science medical (ISM) band. In addition, the tag uses acceleration sensors to calculate the velocity of a target object, so that a candidate location range can be determined.
A reader consists of a core process module and a wireless communication module. It receives signals transmitted from a target tag and sends them back to the target tag to estimate the tag-reader distance. In this paper, the readers were selected as the Cortex-M3 produced by the ARM corporation, which can receive location logs in 72 MHz. This reader also includes 128 KB flash and 20 KB RAM. There are two types of readers: stationary and portable. In general, the stationary type is preferred when there is a power supply. Otherwise, the portable type is preferred since it works with a battery. The battery life of the reader (portable type) selected in this paper was more than three years.
In order to locate a target object using an RFID tag and readers, a target tag first sends a signal in order to search for adjacent readers. A tag sends a signal omnidirectionally, because it discerns in which direction adjacent readers are placed. Once readers successfully receive the signal, they transmit an acknowledgement (ACK) signal to the tags (or assistant tags) in order to confirm that they successfully received the signal for the tags. Then, the readers calculate the distance to the tags At first, the most recently updated tags among tags with connectivity are extracted. Each selected tag and reader receives a blink message from a target tag, which is used to calculate GDOP rate. After calculating the GDOP rate of each connected assistant tag, an assistant tag with the best GDOP rate (lowest value) is selected and used to estimate a target location. By selecting an appropriate assistant tag, NLOS environments can be converted to LOS environments and the accuracy of location sensing can be also improved.
In order to locate a target object using an RFID tag and readers, a target tag first sends a signal in order to search for adjacent readers. A tag sends a signal omnidirectionally, because it discerns in which direction adjacent readers are placed. Once readers successfully receive the signal, they transmit an acknowledgement (ACK) signal to the tags (or assistant tags) in order to confirm that they successfully received the signal for the tags. Then, the readers calculate the distance to the tags and send the distance list to the RTLS engine that locates a target object based on distance information from at least three readers adjacent to a target tag. For the distance measurement, the symmetric double-sided two-way ranging (SDS-TWR) method-a ranging method that utilizes two delays that naturally occur in the signal transmission process for determining the range between two wireless devices-was selected in the RTLS engine because it can measure the round-trip time without synchronizing the measurement clocks [40] , thereby significantly reducing the possibility of tracking errors due to clock synchronization.
Under these experimental settings, the suggested system was tested in terms of its location tracking accuracy and location estimation time, since these are two primary factors in assessing the effectiveness of an RTLS [41] .
Results
Location Tracking Accuracy
Tests for the accuracy of the suggested system were conducted in two different tracking environments. The first test was performed in a basement parking lot of an ongoing apartment project. The test area had no obstacles except some structural columns. The test analyzed tracking logs of a worker moving around a 7.5 m × 5.5 m rectangle. The moving velocity of the worker was set in the range of 0 cm/s (stop state) to 70 cm/s. Figure 8a shows the tracking logs when the location tracking error mitigation algorithms suggested in this paper were not applied. In this case, 2648 logs were tracked, and the average error was around 38 cm. On the other hand, Figure 8b shows the tracking logs after eliminating the tracking errors identified by the location tracking error mitigation algorithms suggested in this paper. In comparison with the results shown in Figure 8a , the average tracking error was reduced to around 21 cm; a 44% improvement in location tracking accuracy. This improvement was obtained by eliminating the logs that exceeded the maximum distance that a target object can move in a specific time interval. In this test, 708 out of 2648 logs were filtered out as tracking errors by the suggested algorithms. These results demonstrate the strong potential of the suggested location tracking error mitigation algorithms to improve the accuracy of location-tracking in construction projects. and send the distance list to the RTLS engine that locates a target object based on distance information from at least three readers adjacent to a target tag. For the distance measurement, the symmetric double-sided two-way ranging (SDS-TWR) method-a ranging method that utilizes two delays that naturally occur in the signal transmission process for determining the range between two wireless devices-was selected in the RTLS engine because it can measure the round-trip time without synchronizing the measurement clocks [40] , thereby significantly reducing the possibility of tracking errors due to clock synchronization. Under these experimental settings, the suggested system was tested in terms of its location tracking accuracy and location estimation time, since these are two primary factors in assessing the effectiveness of an RTLS [41] .
Results
Location Tracking Accuracy
Tests for the accuracy of the suggested system were conducted in two different tracking environments. The first test was performed in a basement parking lot of an ongoing apartment project. The test area had no obstacles except some structural columns. The test analyzed tracking logs of a worker moving around a 7.5 m × 5.5 m rectangle. The moving velocity of the worker was set in the range of 0 cm/s (stop state) to 70 cm/s. Figure 8a shows the tracking logs when the location tracking error mitigation algorithms suggested in this paper were not applied. In this case, 2648 logs were tracked, and the average error was around 38 cm. On the other hand, Figure 8b shows the tracking logs after eliminating the tracking errors identified by the location tracking error mitigation algorithms suggested in this paper. In comparison with the results shown in Figure 8a , the average tracking error was reduced to around 21 cm; a 44% improvement in location tracking accuracy. This improvement was obtained by eliminating the logs that exceeded the maximum distance that a target object can move in a specific time interval. In this test, 708 out of 2648 logs were filtered out as tracking errors by the suggested algorithms. These results demonstrate the strong potential of the suggested location tracking error mitigation algorithms to improve the accuracy of location-tracking in construction projects. The suggested system was further applied in eight different construction environments in order to test its applicability and effectiveness under various situations, as shown in Figure 9 . In each testing environment, four different experiments (A to D) were conducted in order to measure the effect of the location tracking error mitigation algorithms and the application of the assistant tag, as shown in Table 1 . The four different experiments are as follows. The suggested system was further applied in eight different construction environments in order to test its applicability and effectiveness under various situations, as shown in Figure 9 . In each testing environment, four different experiments (A to D) were conducted in order to measure the effect of the location tracking error mitigation algorithms and the application of the assistant tag, as shown in Table 1 . The four different experiments are as follows.
• Table 1 shows the tracking results of the four different experiments under eight different construction environments. As expected, the average tracking error (256 cm) was greatest in experiment A. In contrast, experiment D showed the lowest tracking errors (58 cm), resulting in a 77.3% improvement in location accuracy in comparison with experiment A.
In particular, experiment A showed a significant tracking error (791 cm) in stock yard environments where H-beams were piled (i.e., experiment A under test 4). This is because the steel of the H-beams easily causes heavy multi-path and signal attenuation. In this case, applying both the algorithms and the assistant tags (experiment D) can reduce the location tracking error to 96.5 cm, 87.9% of the improvement in tracking accuracy from experiment A. The test results showed that the 65% average improvement in experiment C was slightly higher than that in experiment B (50.3%), which suggests that assistant tags are more effective than the algorithms in tracking environments where there are many obstacles between readers and tags. 
Location Tracking Estimation Time
Location tracking estimation time is an important factor in evaluating performance of an RTLS. Even though RTLS is very accurate, if locating a moving object is too slow, the RTLS is meaningless. The two methods suggested herein for improving the accuracy of RTLS (i.e., location tracking error mitigation algorithms and assistant tags) can significantly increase the location tracking estimation time. To address this issue, this paper suggests a floor classification method that does not measure the z-coordinate but uses the information of floor level in order to reduce the location tracking estimation time while maintaining the accuracy of location tracking. That is, two-dimensional coordinates (x-and y-), rather than three-dimensional coordinates (x-, y-and z-), are used for tracking the location of the target object by arbitrarily assigning the information of the floor number to the z-coordinate.
In order to measure the impact of the floor classification method in reducing location tracking estimation time, the test was conducted under the following three different settings.
• Time experiment A: measuring the estimation time when applying neither location tracking error mitigation algorithms nor assistant tags (i.e., the same to the accuracy experiment A in Table 1 ).
• Time experiment B: measuring the estimation time when applying both location tracking error mitigation algorithms and assistant tags (i.e., the same to the accuracy experiment D in Table 1 ).
• Time experiment C: measuring the estimation time when applying the floor classification method in addition to the error mitigation algorithms and assistant.
These three experiments were conducted in three different settings: one floor with four readers, three floors with twelve readers (four readers on each floor), and five floors with twenty readers (four readers on each floor). Furthermore, each experiment was conducted to measure the estimation time in tracking a different number of target tags (i.e., 10 to 50 tags), as shown in Table 2 . As expected, the time experiment A required the shortest time for location estimation and the time experiment B required the longest time. This was mainly attributed to the increased level of computational time and effort to apply the location tracking error mitigation algorithms and assistant tags. This result reveals a trade-off between location tracking accuracy and estimation time. That is, application of the error mitigation algorithms and assistant tags can increase the tracking accuracy by 77.3% (see Table 1 ) at the cost of 115.5 ms extra computational time. Although seemingly negligible, 115.5 ms may be significant, particularly in RTLS.
There is one thing to be noticed. According to the results, there is a clear trade-off between accuracy and computational time by comparing experiment A and B. Greater accuracy required more computational time. This study used up to 50 tags. In these cases (three floors and five floors case), the time differences are approximately 0.2 s (204 ms) and 0.1 s (107 ms) respectively. These differences seem to suggest that the additional computational time may not be crucial. However, as the number of tags increases, the computational time also increases. If the required time increases excessively when the number of tags is more than that of this experiment (i.e., more than 50), the increase of required time cancels the benefit of increased accuracy. For example, an increased time of more than 3 s-in which workers can move up to approximately 2 m-leads to a safety management system potentially being late to respond to a hazardous situation. In comparison with time experiment B, time experiment C required a similar time (391.4 ms) to that of time experiment A, while maintaining the same level of accuracy as experiment B. This result confirmed the effectiveness of the suggested floor classification algorithms in reducing location tracking estimation time, thus expanding the applicability of the suggested system for real-time location tracking purposes.
Conclusions
RTLS technology has been widely used for various purposes, including measuring productivity, monitoring equipment and workers, and preventing safety accidents. Among various objectives for using RTLS technologies, preventing safety accidents requires much higher accuracy because the accuracy is directly related to a human's life.
This paper suggested an RFID-based RTLS capable of enhancing the accuracy of real-time location tracking in construction projects. Specifically, location tracking error mitigation algorithms were introduced in order to filter out erroneous logs due to multi-path, and assistant tags were used to increase the accuracy in tracking an object in a shadow area. In particular, to address the multi-path problem, the construction workers' maximum moving velocity is applied to develop the suggested algorithm. Additionally, in the application of assistant tags, the suggested method of how to select proper readers is incorporated in the current assistant method.
The developed system was applied to a construction project and tested in terms of its location tracking accuracy and location estimation time. The test results showed that the application of error mitigation algorithms and assistant tags could increase location tracking accuracy by 77.3%, thereby demonstrating the strong potential of the algorithms and assistant tags to enhance location tracking accuracy in construction projects. However, this increased accuracy was gained at the expense of extended location estimation time, which is another important aspect in assessing the performance of an RTLS. In order to minimize the extra computational time for RTLS while maintaining its accuracy, a floor classification method that does not calculate the z-axis coordinate was proposed, thereby decreasing the computational time and effort.
Although the suggested system proved its applicability and effectiveness for real-time location tracking in construction sites, the following limitations need to be addressed in further research. First, the suggested method could be carried out in combination with Kalman filtering considering geometric constraints. Second, the performance of the system needs to be further validated in many different construction environments. In particular, the application of assistant tags may not be operated when a construction worker does his task solely without other workers who can take a role as an assistant tag. However, considering the fact that construction workers usually perform tasks as a group effort, this problem may not be critical. Lastly, the maximum speed of a target object should be tested in various situations in order to improve the effectiveness of the location tracking error mitigation algorithms.
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